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Combining molecular beam electric deflection experiments and global optimization techniques has
proven to be a powerful tool for resolving equilibrium structures of neutral metal and semiconductor
clusters. Herein, we present electric molecular beam deflection experiments on PbN (N = 7–18) clus-
ters. Promising structures are generated using the unbiased Birmingham Cluster Genetic Algorithm
approach based on density functional theory. The structures are further relaxed within the framework
of two-component density functional theory taking scalar relativistic and spin orbit effects into ac-
count. Quantum chemical results are used to model electric molecular beam deflection profiles based
on molecular dynamics calculations. Comparison of measured and simulated beam profiles allows
the assignment of equilibrium structures for the most cluster sizes in the examined range for the first
time. Neutral lead clusters adopt mainly spherical geometries and resemble the structures of lead
cluster cations apart from Pb10. Their growth pattern deviates strongly from the one observed for tin
and germanium clusters. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4872369]
I. INTRODUCTION
The chemistry and physics of lead is strongly influ-
enced by scalar relativistic (SR) and spin-orbit (SO) coupling
effects,1 the latter gives rise to a splitting of the p-shell into
a lower lying p1/2 and a doubly degenerate p3/2; this split-
ting is 1.50 eV for the lead atom.2 These strong relativistic
effects entail distinct features in the chemistry of lead com-
pounds, e.g., the preference of +II over +IV oxidation states
(inert pair effect),3 and the low stability of lead compounds.4, 5
This is manifested impressively in the standard voltage of the
lead acid battery as pointed out by Pyykkö and co-workers.6
The importance of relativistic effects on bulk properties of
lead was recognized as early as 1965.7, 8 Hermann et al.9
later attributed the preference for fcc structures in contrast
to diamond-like structures and the reduced cohesive energy
to SO effects. Closed p1/2 subshell effects become even more
pronounced for the heavier homolog flevorium, which is pre-
dicted to exhibit almost rare-gas like properties.10, 11
SO coupling effects on lead clusters with six or less
atoms were carefully examined by Armbruster et al.12 using a
two-component (2c) density functional theory (DFT) imple-
mentation. Degeneracies leading to Jahn-Teller distortions at
the SR level of theory are lifted if SO effects are included.
Pb6 is D4h symmetric at the SR level of theory but becomes
octahedral if SO effects are taken into account. The weaken-
ing of the Pb–Pb bond also leads to elongated bond distances
and lower cohesive energies as observed for the bulk.9
Lead cluster ions have been subject to numerous stud-
ies, for example, surface induced dissociation experiments,13
a)goetz@cluster.pc.chemie.tu-darmstadt.de
ion mobility,14, 15 and collision induced dissociation measure-
ments.15 These experiments mainly suggest spherical cluster
geometries up to 32 atoms. Photoelectron spectroscopy indi-
cates the onset of a semi-conductor to metal transition for lead
anions at about 20 atoms.16–18
Despite the comprehensive work on lead cluster ions, ex-
perimental studies on neutral species are rare at present. A few
theoretical studies were dedicated to them.19 Wang et al.20
studied neutral lead clusters up to 22 atoms by SR-DFT and
found mainly layered stacking structures for PbN (N ≤ 14).
Rajesh and Majumder21 reported several isomers for clus-
ter sizes with up to 15 atoms using initial geometries from
Si, Ge, and Sn clusters, relative energies determined based
on SO-DFT single point calculations. Li et al.22 employed a
tight-binding genetic algorithm (GA) approach followed by
SR-DFT optimizations and SO single point calculations. They
noted the deviation of PbN structures from the motifs found
for tin and germanium for N ≤ 7. Lei et al.23 reported struc-
tures for Pb13–Pb18 and their dipole moments. Large-scale
simulations on lead clusters with thousands of atoms using
a simple glue-potential were carried by Hendy and Hall.24–26
In a very recent paper, Kühn27 investigated Pb6 at the ran-
dom phase approximation level and made comparisons with
density functional theory. At all levels the octahedral Oh ar-
rangement came out lowest in energy, but with the D4h struc-
ture very close by. Density functional theory performed rather
well.
Schäfer et al.28 measured the dielectric response of lead
clusters at 50 K some years ago. Due to the lack of structural
data they have interpreted their results within a perturbation
theory model assuming rigid symmetric rotor behavior.
Although this procedure gives qualitative insight into the
0021-9606/2014/140(16)/164313/6/$30.00 © 2014 AIP Publishing LLC140, 164313-1
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FIG. 1. Beam profiles for Pb7–Pb18 without (black circles) and with applied electric field (grey squares). Gaussians are fitted to the data points without applied
field as guide to the eye. Solid and dashed grey lines show simulated beam profiles for different isomers. For Pb7 and Pb17, simulated beam profiles lie almost
on top of each other.
cluster structures, it does not allow their assignment. Ad-
ditionally, it has turned out to be questionable to treat lead
clusters as rigid at 50 K. Therefore, we have repeated these
measurements at lower temperature in order to ensure their
rigidity and performed an intensive global optimization
followed by 2c-DFT structure optimization to consider SO
coupling effects. This combination allows the unravelling of
equilibrium structures of many neutral lead clusters in the
range from 7 to 18 atoms for the first time.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The experimental setup of our molecular beam elec-
tric deflection apparatus has been reported in detail
elsewhere.29, 30 Briefly, lead clusters are produced in a pulsed
laser vaporization source using helium as carrier gas. The
cluster-helium mixture passes a cryogenic nozzle (Tnozzle
= 20 − 30 K) before it is expanded into a high vacuum cham-
ber where a molecular beam is formed. The molecular beam
is shaped by two collimator units before it enters an electric
two-wire field unit. A cluster in a quantum state n experiences
a deflection dn
dn = − A
mv2
∂E
∂z
∂εn
∂E
, (1)
where m and v are the cluster mass and velocity and A is an
apparatus constant depending on the electrode geometry. The
field gradient ∂E
∂z
is proportional to the applied deflection volt-
age (28 kV). The Stark effect ∂εn
∂E
is a cluster specific quantity
determining its deflection behavior. Downstream the field the
clusters pass a scanning slit plate, are photoionized and sub-
sequently detected using a time-of-flight mass spectrometer.
Cluster intensities are measured as a function of the slit posi-
tion p with and without applied electric field, yielding beam
profiles for PbN (N = 7–18) as shown in Fig. 1. For a non-
polar cluster, the polarizability αexp can be extracted directly
from the beam profile deflection via first order perturbation
theory.28 Experimental polarizabilities are reported for PbN
(N = 7, 10, 13, 15, 17). For these clusters, no beam broad-
ening is observed, i.e., there is no dipolar contribution to the
beam deflection due to a permanent dipole moment.31
The configuration space for each considered cluster
size is searched using a global optimization approach based
on plane-wave self-consistent field (PWscf) DFT using the
Quantum Espresso package,32 coupled with the Lamarck-
ian Birmingham Cluster Genetic Algorithm.33, 34 For the
DFT calculations, 14 electrons for each lead atom are
treated explicitly and the remaining 68 electrons are de-
scribed by an ultrasoft Rabe-Rappe-Kaxiras-Joannopoulos
pseudopotential,35, 36 with a suggested minimum cutoff of
40 Ry. A nonlinear correction was applied and the Perdew-
Burke-Ernzerhof (PBE)37 xc functional is employed within
the generalized gradient approximation framework of spin-
unrestricted DFT. Within this code, the local optimization of
cluster structures is performed in the generation based ge-
netic algorithm with an electronic self-consistency criterion of
10−5 eV, and total energy and force convergence considered
to be reached when below the threshold values of 10−3 eV
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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and 10−2 eV/Å, respectively. Additionally, Methfessel-Paxton
smearing is used to improve the efficiency of electronic
convergence for metallic states.38
Lowest lying isomers are further relaxed at the SR one-
component (1c) DFT level using the PBE functional and def2-
TZVP basis set with the corresponding effective core poten-
tial def2-ecp.39, 40 Here, we use the resolution of the identity
(RI-J) and the multipole assisted RI-J method to treat the in-
terelectronic term J.41, 42 Subsequently, harmonic frequency
analyses are performed to verify that all structures are true
minima, and static polarizabilities are also determined. Static
polarizabilities are reported as isotropic polarizabilities αiso
obtained from the polarizability tensor. The effect of SO cou-
pling on the polarizability is expected to be small.43 Finally,
1c-DFT optimized structures are used as starting geometries
for 2c-DFT structure optimizations employing def2-TZVP-2c
basis sets and def2-ecp-2c effective core potentials.12 All or-
bital based electronic structure calculations are carried out us-
ing the Turbomole program package.44 Optimizations at the
2c level lead to a reduced number of local minima (i.e., dif-
ferent starting geometries at 1c level converge to the same
minima) and in some cases the dipole moments are changed
by some tenths of a Debye.
For a rigid rotor, deflection in an electric field can be
simulated by convolution of the undeflected profile with
the dipole distribution orientation, which is readily obtained
by a molecular dynamics simulation using structural data,
dipole moments, and polarizabilities predicted from quantum
chemistry.45 The only free parameter within this simulation
is the rotational temperature Trot. Molecular dynamics sim-
ulations are therefore carried out for rotational temperatures
from 5 to 50 K for all isomers and best agreement with exper-
iment was found for Trot = 30 K. The rigidity of the clusters
can be estimated from the harmonic frequency analysis. Since
Tvib ≈ Tnozzle, vibrational modes below 30 cm−1 can influence
the rigidity. Some isomers of PbN (N ≥ 14) have modes be-
low 30 cm−1 so we have performed experiments for this clus-
ter sizes at Tnozzle = 20 K. The findings at 30 K could be re-
produced, so we conclude the clusters are sufficiently rigid
at 30 K.
III. RESULTS AND DISCUSSION
Experimental molecular beam profiles with and without
applied electric field are shown in Fig. 1. Low lying structural
isomers for PbN (N = 7–18) from the GA-DFT approach after
2c local optimization are displayed in Fig. 2.
For Pb7, we find the pentagonal bipyramid (PBP) 7a as
global minimum (GM) as previously reported.20–22 This struc-
ture does not have a permanent dipole moment due to symme-
try, which is in good agreement with the experimental result.
Isomer 7b is about 0.9 eV higher in energy, but from the ex-
perimental point of view cannot be entirely ruled out due to
its small permanent dipole moment. The experimental polar-
izability αexp is 8.9 ± 2.2 Å3, hence both isomers are within
the error of the experiment.
The GM for Pb8 8a can be interpreted as a distorted snub
disphenoid. The distortion induces a small dipole moment of
0.04 D which fits the experimental data well. Isomer 8b is
analogous to 7a a PBP with one face capped. Though both
structures are quite similar the latter one has a dipole moment
of 0.58 D and can therefore be excluded.
The lowest lying isomer for Pb9 (9a) consists of two in-
terpenetrating PBP, whereas the bicapped PBP 9b is already
0.63 eV higher in energy. At 1c-PBE level of theory both iso-
mers have very similar dipole moments of 0.14 and 0.18 D,
FIG. 2. Locally optimized structures of neutral lead clusters at the 2c-PBE level of theory. Relative energies and symmetries are given in Table I.
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TABLE I. Symmetries, relative energies, dipole moments at 2c-PBE level
of theory, and isotropic polarizabilities at 1c-PBE level of theory of neu-
tral lead clusters. Corresponding structures are displayed in Fig. 2. χ2 is the
least square measure for a simulated beam profile fit to the experimental data
points.
Symmetry E (eV) μ (D) αiso (Å3) χ2
7a D5h 0.00 0.00 8.06 0.08
7b C2 0.89 0.02 8.45 0.08
8a Cs 0.00 0.04 8.17 0.09
8b Cs 0.15 0.59 8.54 0.23
9a C2v 0.00 0.16 8.01 0.07
9b C2v 0.63 0.44 8.22 0.14
10a D4d 0.00 0.00 7.95 0.05
10b C3v 0.06 0.57 7.96 0.24
10c Cs 0.56 0.38 8.34 0.08
11a C2v 0.00 0.09 7.99 0.04
11b Cs 0.12 0.78 8.06 0.44
11c C2v 0.13 0.28 8.12 0.08
12a C5v 0.00 0.59 7.90 0.03
12b Cs 0.38 0.65 8.17 0.04
12c C1 0.42 0.27 8.07 0.22
13a Ih 0.00 0.00 7.93 0.05
13b C3v 0.38 2.22 7.99 1.14
13c C1 0.57 0.52 8.17 0.15
14a C1 0.00 1.35 8.26 0.12
14b Cs 0.04 1.34 8.43 0.13
14c C1 0.07 1.27 8.16 0.09
14d Cs 0.10 0.19 8.07 0.50
14e Cs 0.32 1.07 8.47 0.07
15a D6d 0.00 0.00 7.78 0.05
15b C2v 0.49 0.43 8.24 0.10
15c Cs 0.53 0.90 8.32 0.55
16a C2v 0.00 0.59 8.29 0.10
16b C2v 0.09 0.12 7.82 0.03
16c Cs 0.17 2.27 8.17 1.37
17a D4d 0.00 0.00 7.76 0.03
17b C2v 0.09 0.05 8.02 0.04
17c Cs 0.48 0.08 7.89 0.04
18a Cs 0.00 1.59 7.84 0.30
18b C3v 0.02 0.85 7.92 0.05
18c C1 0.05 0.41 7.86 0.14
respectively. This similarity is lifted at the 2c-PBE level of
theory (see Table I) and allows the exclusion of 9b due to its
large dipole moment.
The bicapped quadratic antiprism 10a is the GM for Pb10.
Although this structure has been reported several times before
it was never identified as the GM because the tetracapped trig-
onal prism 10b was found to be lower in energy. We confirm
this by 1c calculations. However, after 2c structure optimiza-
tion 10a is 0.06 eV lower in energy than 10b. Experimentally,
a structure without a dipole moment is expected, which is per-
fectly met by 10a. Due to its simulated beam profile the TTP
10b can be excluded as well as the PBP based structure 10c.
The experimental polarizability αexp is 7.5 ± 1.6 Å3 so the
theoretically estimated value lies within the error.
The GM for Pb11 is the C2v symmetric structure 11a
which has been reported by other authors.20, 21 It has a
small dipole moment of 0.09 D and fits the data well (χ2
= 0.05). Two further isomers 11b (based on a bicapped
quadratic antiprism) and 11c (based on a trigonal prism) have
significantly larger dipole moments and do not fit the experi-
mental data as well as 11a. This still holds if Trot is increased
to 50 K in the molecular dynamics simulation.
For Pb12, we find a distorted icosahedron as GM, which
fits the experimental beam profile very well. Nevertheless,
there exists a second isomer 12b 0.4 eV higher in energy
which has not been reported before. It resembles the bicapped
tetragonal antiprisms 10a and 11b with two triangular faces
capped. Its dipole moment of 0.64 D gives rise to a very sim-
ilar beam profile and hence this isomer cannot be excluded
experimentally. A third isomer 12c slightly higher in energy
than 12b can be ruled out due to its small dipole moment of
0.27 D.
An icosahedron with an atom at the center 13a is found
as GM for Pb13 (αiso = 7.93 Å3, αexp = 7.7 ± 1.4 Å3). A
capped hollow icosahedron which has also been proposed as
the GM structure20 lies 0.38 eV higher in energy. It can read-
ily be ruled out since this structure has a significant perma-
nent dipole moment while no experimental beam broadening
is observed. The next lowest lying isomer 13c is also unable
to explain the experimental findings.
For Pb14, four isomers are found within a 0.1 eV energy
range and about 20 within 0.5 eV, indicating a shallow po-
tential energy surface (PES). Three of the isomers below 0.1
eV are based on the bicapped quadratic antiprism 10a exhibit-
ing dipole moments of approximately 1.3 D. Isomer 14d has
a small dipole moment of 0.19 D. None of these isomers are
able to describe the experimental data sufficiently. There may
be several reasons for this result. Although the GA has been
restarted several times, it remains possible that the correct
global minimum structure has not been found. Further, due to
the shallow PES it seems possible that more than one isomer
is present in the molecular beam. Additionally, there exists an
isomer 0.32 eV higher in energy which would normally be
excluded but fits the data quite well. It is the same structure as
found experimentally for Pb+14.15 An unambiguous attribution
of an equilibrium structure for Pb14 is not possible based on
our data.
A bicapped hexagonal antiprism with an atom in the cen-
ter 15a is the predicted GM for Pb15. This structure gives rise
to a vanishing dipole moment which fits the experimental re-
sult well, i.e., no beam broadening is observed (αexp = 7.0
± 1.2 Å3). The other two local minimum structures found are
about 0.5 eV higher in energy than 15a and their presence
in the molecular beam can be ruled out based on their large
dipole moments of 0.43 and 0.90 D, respectively.
The GM structure for Pb16 is the prolate species 16a. It
has a large dipole moment (0.59 D), in contrast to the ex-
perimental finding where no beam broadening is observed.
The second lowest lying isomer 16b (+0.09 eV) is spheri-
cal and fits the experimental data very well. Isomer 16c is an
icosahedron with an interpenetrating PBP. It has a large dipole
moment and can therefore be ruled out.
The GM structure of Pb17 is a highly symmetric D4d
structure 17a which fits the experimental data best. However,
two other isomers 17b and 17c are about 0.1 and 0.5 eV higher
in energy, respectively, but are also in very good agreement
with the experiment. Calculated polarizabilities are all within
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the error of the experiment (αexp = 7.1 ± 1.2 Å3). Therefore,
they cannot be ruled out on the basis of our experiment.
As for Pb12 and Pb14, a significant beam broadening is
observed for Pb18. Three low lying isomers are located by the
GA within an energy range of 0.05 eV. The Cs symmetric iso-
mer 18a has a dipole moment of 1.59 D yielding a broader
beam profile than expected from the experiment even if a
higher rotational temperature is assumed. Isomer 18b, only
0.02 eV higher in energy, fits the experimental beam profile
very well. Interestingly, the dipole moment of 18b is signifi-
cantly reduced at 2c-PBE level of theory. At SR level of the-
ory none of the isomers would be able to reproduce the exper-
imental result. Isomer 18c is still very close in energy but its
dipole moment of 0.41 D is far too small to fit the observed
broadening.
Kelting et al.15 have resolved the structures of most lead
cluster anions and cations in the range from 4 to 15 atoms
by ion mobility and collision induced dissociation measure-
ments. Cations and anions have the same structure for Pb7 and
Pb8, i.e., a PBP and a snub disphenoid, which is also found for
the neutral species. Neutral Pb9, Pb11, Pb13, and Pb15 clus-
ters resemble the cationic structures. Pb10 favors a bicapped
quadratic antiprism, i.e., the same structure as Pb−10 which is
also found for the Zintl ion Pb2−10 in solution.46 The situation
remains ambiguous for Pb12 since neither drift mobility nor
beam deflection experiments can make a distinct assignment
of the structure, though the distorted icosahedron 12a is pos-
tulated based on both experiments. A hollow icosahedron as
found for Pb−12 and Pb
2−
12 can clearly be ruled out.47 Experi-
mental beam profiles for Pb14 can be explained by isomer 14e
which resembles the cationic structure but there is no clear ev-
idence from our data. Seven, eight, and nine-atom lead clus-
ters exhibit the same equilibrium structures as Si, Ge, and Sn
(as far as they have been resolved).45, 48–52 From 10 atoms on-
wards the structures of lead clusters differ fundamentally from
those found for tin, germanium, and silicon. Whereas these el-
ements adopt mainly prolate structures based on a tetracapped
trigonal prism, lead prefers spherical structures with denser
packing. As outlined above, bicapped quadratic antiprims and
pentagonal bipyramids are repetitive motifs in medium sized
lead clusters.
IV. CONCLUSION
We have reported molecular beam electric deflection
studies and an extensive DFT based global optimization fol-
lowed by 2c DFT local optimizations for PbN (N = 7–18). Ex-
perimental polarizabilities are in qualitative agreement with
calculated values for clusters where no dipolar contribution
to the polarizability is expected. Equilibrium geometries can
be assigned for most cluster sizes by comparison of measured
and modelled beam profiles. Including SO effects is crucial
for some cluster sizes, where the relaxation of the geome-
try leads to significant changes in the dipole moment. De-
viations of the growth pattern from silicon, germanium, and
tin clusters estimated from previous quantum chemical cal-
culations can be confirmed experimentally for neutral species
with more than ten atoms. For some cluster sizes, e.g., Pb17,
we are not able to clearly determine an equilibrium structure
due to many low lying isomers with similar permanent dipole
moments. Since the transition to metallic behavior should be
mirrored by the dielectric properties (i.e., vanishing dipole
moments and metallic sphere like polarizabilities), we aim to
extend this study to over 50 atoms as recently achieved for
silicon.53
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